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Abstract: The tensile properties and fracture behavior of a cast nickel-base superalloy K445 in the temperature range of 25−1 000 °C 
were investigated. The microstructure and fracture surfaces of the alloy were investigated by OM, SEM and TEM. The results 
revealed that an anomalous yield strength phenomenon exists in the alloy at medium high temperature. The yield strength decreases 
gradually with the increase of temperature, reaches the minimum value at 650 °C, and then increases again to obtain 940 MPa, which 
is almost the same as that at 400 °C. While the ultimate fracture strength attains the maximum value at 750 °C, the yield strength and 
fracture strength decrease entirely. The elongation and fracture shortage almost keep increasing trend with the increase of testing 
temperature, except the little drop at 400 °C and 900 °C. The fracture surface of K445 alloy below 400 °C exhibits most cleavage 
characteristic with some dimples. With the increase of temperature, the ductile feature increases, but the cleavage still dominates the 
fracture till 650 °C. Therefore, it can be concluded that the secondary hardening effect results in the high yield strength and fracture 
strength with better ductility, which makes it more appropriate to be used at medium high temperature. 
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1 Introduction 
 
Cast nickel-base superalloys are widely used in 
manufacturing of modern gas turbine components, 
especially in the first stage turbine blades and vane, 
which are required to have high temperature strength, 
excellent oxidation and corrosion resistance, excellent 
fatigue and creep resistance and service reliability to fit 
for application at high temperature. Therefore, the cast 
nickel-base superalloys are continually developed to 
increase their thrust, operating efficiency and durability 
[1]. Recently, with the development of the land-base and 
aerospace gas turbine engines, the turbine inlet 
temperature increases year by year to satisfy the 
requirement of the thermal efficiency, so it is necessary 
to develop new materials to meet the requirements [2−4]. 
The nickel-based K445 superalloy is a kind of 
material that was designed and employed as high 
pressure turbine blades working in high performance 
industrial gas turbines. Due to its high Cr and Co content, 
the K445 superalloy has excellent hot corrosion 
resistance and high temperature oxidation resistance. 
Benefiting from the good combination of refractory 
elements and γ′ forming elements, it possesses superior 
high temperature properties, compared with other 
Ni-base superalloys [5]. However, the previous study [6] 
reported that low ductility at 800 °C called intermediate 
temperature brittleness (ITB) was observed, because of 
the relative high contents of W, Mo, Ta and Nb. In order 
to increase the strength of grain boundary, B and Zr 
elements are added to the superalloy [7], and the role of 
those alloying elements in Ni-base superalloys have been 
discussed previously [8]. 
Generally, in order to improve the hot resistance, 
the amount of γ′ in the γ′-strengthened superalloys almost 
reached about 70% [2]. According to the former 
investigations [9, 10], the mechanical properties at high 
temperature of the superalloy are related closely to the γ′ 
strengthening precipitates. The total mass fraction of γ′ in 
K445 superalloy is higher than 60%, so the high 
temperature behavior of the alloy depends strongly on 
the γ′ precipitates. In addition, the K445 superalloy    
is composed of γ matrix, bimodal γ′ precipitates, γ-γ′ 
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eutectics, carbides and a small amount of deleterious 
intermixture. The γ′ phase is a superlattice with a 
nominal composition of Ni3(AlTi), which may be 
considered derivatives of the best known Ll2 long range 
ordered intermetallic phase Ni3Al [11, 12]. The volume 
percent and morphology of γ′ precipitates depend on the 
alloys composition and lattice mismatch parameters [13]. 
The higher the volume percent of γ′, the more effective 
the shear mechanism operating in γ′ particles to alloy 
deformation. 
To the superalloy, the high temperature creep and 
fatigue behavior are very important, due to its extreme 
operating conditions in gas turbine. Many studies have 
been carried out to understand the relationship between 
the creep strength and the amount of γ′ phase. The tensile 
properties are also very important to the superalloy, but 
till now, few research has been done to study the relation 
between high temperature tensile strength or elongation 
and amount of γ′ phase. The recent study [14] on the 
superalloy revealed that its tensile properties, elastic 
modulus and shear modulus relate with the γ′ precipitates 
in the γ′ strengthened superalloy. Therefore, the high 
temperature tensile properties and fracture morphology 
of the K445 superalloy are studied to further understand 
the deformation and fracture mechanism of the γ/γ′ dual 
phase alloy in this work. 
 
2 Experimental 
 
The alloy was remelted in a VIM25F vacuum 
induction furnace and cast into round bars with diameter 
of 16 mm and length of 130 mm. The casting mold 
preheating temperature and pouring temperature were 
950 °C and 1 430 °C, respectively. The composition of 
the K445 alloy is shown in Table 1. The investigated 
samples were cut from the as-cast bars, and heat-treated 
to obtain the desired γ′ precipitation microstructure. The 
heat treatments consisted of a solution treatment of (1120 
°C, 2 h, air cooling) and an aging treatment of (850 °C, 
24 h, air cooling). 
 
Table 1 Composition of K445 alloy (mass fraction, %) 
C Cr Co W Mo Ta 
0.094 14.15 10.07 4.24 1.55 4.86 
Ti Al B Zr Ni 
2.62 4.02 0.029 0.026 Bal. 
 
The standard specimens for tensile test with a 
diameter of 5 mm and a gage length of 25 mm were 
machined longitudinally from the heat-treated samples. 
The tensile tests were performed on a universal 
AG-250KNE test machine in air with an initial strain rate 
of 5×10−5 to 1.04×10−4 s−1 at 25−1 000 °C. The tensile 
specimens were induction heated and the temperature 
was measured using the thermocouples placed in the 
gauge length. The temperature gradient over the gage 
length did not exceed ±2 °C. The inductive transducers 
could detect strain variations quickly as small as 5×10−5 
and load continuously which were recorded directly on 
an X-Y recorder. The tensile tests were run to rupture. 
Two identical specimens were tested at the same 
condition to obtain a tensile property. 
Samples for microstructure observation were cut 
from the as-cast and heat-treated and fractured specimens. 
The samples were fabricated by conventional method 
and electrochemically etched with an electrolyte 
consisting of 25% H3PO4. The microstructure and 
fracture surface after the tensile tests were examined 
with optical microscopy and scanning electron 
microscopy (SEM) with energy-dispersive X-ray 
spectroscopy (EDS). The slices for transmission electron 
microscopy (TEM) observation were cut from the gauge 
part of the specimens deformed at different temperatures 
normal to the loading axis. The thickness of the slices 
was about 0.5 mm and polished to 50 μm. The polished 
slices were shaped into 3 mm in diameter followed by 
ion milling to perforation. The TEM observation was 
carried out in a JEM-200CX operated at 120 kV. 
 
3 Results and discussion 
 
3.1 Microstructure of heat treated K445 superalloy 
The typical microstructure of the heat treated K445 
superalloy is shown in Fig. 1(a). It can be seen that the 
alloy has a typical dendritic morphology, which consists 
of γ matrix, γ′ particles, chrysanthemum-like γ′/γ′ eutectic 
and carbides. All of the heat-treated specimens still 
maintain the columnar matrix grain morphology. All of 
the microstructures shown here were analyzed by X-ray 
diffraction to identify the preferred orientation or 
annealing texture. The serrated grain boundaries prevent 
the grain boundary gliding and enhance creep strength 
[15, 16]. TEM observation on the γ′ precipitates is shown 
in Fig. 1(b). The primary γ′ cuboids with average edge 
length of 600 nm are produced during solution under 1 
120 °C. The secondary sphere γ′ with average 60 nm in 
diameter is produced during aging. The eutectic 
distributed at dendrite boundaries, is often near 
micropores, which indicates they form at the end of 
solidification. The eutectic size varies from 5 to 15 μm. 
Micropores with various sizes are observed in the alloy, 
as shown in Fig. 1(c). They are solidification defects, 
which affect the ductility obviously [16]. Carbides  
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Fig. 1 Microstructure of heat-treated alloy: (a) OM micrograph showing dendritic morphology; (b) TEM micrograph showing 
primary γ′ cuboids and secondary sphere γ′; (c) SEM micrograph of solidification defects; (d) OM micrograph of carbides at grain 
boundaries 
 
mainly distribute along the grain boundaries, as shown in 
Fig. 1(d). The EDS analysis reveals that the carbides 
uniformly distributed within the grains are MC type 
carbides, in which M is substituted for W, Ta and Ti. 
While the carbides found at grain boundaries are M23C6 
type carbides, in which M refers to Co and Mo. 
Moreover, some small precipitates are found in the 
carbides, and EDS analysis shows that they are oxides, 
nitrides or carbonitride particles, which can act as the 
nuclei [16]. In fact, the effect of carbide on properties is 
contradictory. They can strengthen the grain and 
interdendritic boundaries, retarding boundary migration, 
hardening the matrix [17], but they also can become the 
origin of fracture [18]. 
 
3.2 Tensile properties 
The tensile properties of the heat-treated K445 alloy 
at different temperatures are shown in Figs. 2(a) and (b), 
which are really different from the former research [19]. 
Generally, with the increase of testing temperature, the 
yield strength and tensile strength decrease 
monotonously [20, 21]. However, in the present alloy, 
the yield strength and tensile strength of the K445 alloy 
decrease with the increase of temperature and reaches the 
minimum at 650 °C, but they increase obviously again at 
750 °C and reach the value of 940 MPa and 1 040 MPa, 
respectively. When the testing temperature increases 
further, the yield strength and tensile strength drop 
gradually. The temperature dependence of ductility is 
different from the strength, as shown in Figs. 2(c) and 
2(d). The changes of elongation and fracture shortage 
between 600−750 °C exhibit the same trend as the 
strength, while in the other temperature the changes are 
almost inverse. What is interesting is that the elongation 
and fracture shortage decrease slightly after 900 °C and 
then increase a little again. 
 
3.3 Fracture surface morphology 
The morphology of fracture surface of the tensile 
specimens tested at room temperature, 400 °C and 650 
°C is shown in Fig. 3. Clearly, the quasi-cleavage and 
decohesion combined with some dimples are the main 
characteristics in the specimen tested at room 
temperature, as shown in Figs. 3(a)−(c). In general, the 
alloy exhibits semi-brittle features at room temperature, 
so it can be seen that the elongation and fracture shortage 
are so low at this condition. Though there are some 
dimples, the tear-off dimples are not elongated, so the 
deformation taken place by the shear mode is limited 
[14]. Facets develop in conjunction with casting pores, 
which appear as irregular holes with a rounded surface 
morphology. 
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Fig. 2 Temperature dependence of ultimate tensile strength (a), yield strength (b), elongation (c) and fracture shortage (d) 
 
At 400 °C, the fracture morphology shows the 
cracked MC carbide and decohesion along the 
carbide/matrix interface, as shown in Fig. 3(d). Most of 
the carbides are present at interdendritic regions. The 
EDS analysis also confirms that a number of carbides 
appear on the fracture surface. Most of the carbides are 
determined to be MC, which can lead to initiate 
microvoids at grain boundaries. These carbides along the 
interface of matrix would lead to dimples and provide 
strong strengthening effect, which is beneficial to the 
mechanical properties of the alloy. However, cracks 
between coarse carbide particles and matrix propagate 
easily, which makes fracture a cleavage characteristic. 
When the tested temperature increases to 650 °C, the 
cleavage decreases and the dimple increases obviously, 
as shown in Fig. 3(e). Therefore, it can be found that the 
elongation increase a little. 
The morphology of fracture surface of the alloy 
tested at 750 °C is shown in Fig. 4. It can be seen that the 
flowery cleavage feature appears in some adjacent 
regions, as shown in Fig. 4(a). Further observations find 
some small dimples and amount of carbides distributed 
on the fracture surface, as shown in Fig. 4(b). Regardless 
of the tensile test variation (microstructure, temperature 
and strain rate), several of the fractured specimens show 
intergranular-type secondary cracks. Particularly, the 
microstructures are coarse. In addition, long intergranular 
cracks form along the columnar matrix grain boundaries, 
as shown in Fig. 4(c). 
The observation on the specimen tested at 800 °C 
reveals that many cleaved carbides decorate in the 
ductile fracture area randomly, as shown in Fig. 5(a). 
Transcrystalline crystallographic facets are more 
frequently observed, suggesting that slide plane 
decohesion plays an important role in the fracture 
process [14]. Fracture surfaces of the specimens tested at 
850 °C show some unique features, as shown in Fig. 5(b). 
The dimples are large, 5−15 μm in size. Among the 
dimples, distinct cleavage facets can be observed, as 
shown in Fig. 5(c). It can be postulated that the γ′ begins 
to soften, when the temperature exceeds 850 °C, and 
more dislocations are activated. Therefore, the 
deformation is more homogeneous, and plenty of 
dimples are observed on the fracture surface. All the 
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Fig. 3 Fractographs of specimens after tensile test to fracture: 
(a) At room temperature, a faceted-cleavage type fracture 
surface; (b) Cleavage fracture with steps in some regions in (a) 
at higher magnification; (c) At room temperature, irregular 
holes with rounded surface morphology; (d) At 400 °C, cracked 
MC carbides and decohesion at carbide/matrix interface; (e) At 
650 °C, quasi-cleavage and dimple fracture pattern 
 
 
Fig. 4 Fractographs showing mixed quasi-cleavage fracture in 
specimens tensile tested at 750 °C: (a) Mixed quasi-cleavage 
fracture morphology; (b) Small dimples and amount of carbides 
on fracture surface; (c) Intergranular fracture morphology 
 
specimens show mostly a uniform dimple-ductile 
fracture features at 900, 950 and 1 000 °C, as shown in 
Figs. 5(d)−(f). 
Many investigations have been carried out to study 
the unusual variation of tensile properties at high 
temperature in superalloy. Most of all, the effect of 
dislocations in γ′ precipitates is quite important to the 
anomalous yield behavior. Dislocations dissociate in 
partials, because the Burgers vectors of these 
dislocations in γ′ precipitates are bigger than those in 
other FCC structures such as γ. Dissociations in L12 γ′ 
structure are more complex [6]. Secondly, the former 
research showed that the strength of γ′ increases with the 
rise of temperature at relative low temperature. Therefore, 
the decrease of yield strength by the γ matrix during 
temperature rising could be compensated by the γ′, 
because of the high volume fraction of γ′ in the K445 
alloy. Thirdly, the diffusion-controlled process is 
appreciated at high temperature, so more dislocations 
and slip system can be activated, which would decrease 
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Fig. 5 Fractographs of specimens after tensile testing at different temperatures: (a) Cleaved carbides linked by areas of ductile 
fracture in 800 °C tested specimen; (b) Large dimples; (c) Cleavage facets among dimples in 850 °C tested specimen; (d)−(f) 
Morphologies of dimple in specimens tested at 900, 950 and 1 000 °C, respectively 
 
the strain-hardening rate. But if the dislocations and slip 
system are handicapped, the strain hardening exponent n 
will increase and then the strength increases [22]. 
Therefore, at low temperature (<400 °C), the decrease of 
σs is governed by the disordered or short range ordered 
solid solution strengthened γ-matrix. Because most 
dislocations lie in the γ-matrix, and two identical 
1/2〈011〉 dislocations form a pair and glide together [19, 
23]. Once the dislocations start to move, they will 
accumulate before the γ′ and then harden the alloy further. 
So it can be seen that the fracture strength of the alloy 
almost does not drop before 750 °C. The previous 
research [19] also found that the high density of 
superlattice-intrinsic stacking faults (S-ISFs) forms in the 
γ′. The density of the S-ISFs decreases with the increase 
of deformation temperature. When the temperature is 
higher than 400 °C, no S-ISFs are left. Based on the 
recent research [24], the formation of S-ISFs is beneficial 
to the strength but detrimental to the ductility. Then one 
can find that the ductility drops obviously at 400 °C, but 
the yield and fracture strength almost have no change. 
Above 400 °C, the tangled and piled dislocations begin 
to act as barriers to the glide, so the yield strength 
increases again from 600 °C. At this stage the 
dislocations prefer to bypass the γ′ precipitates and stop 
at the grain boundary [25]. The carbides along the grain 
boundary become the obstacle to suppress the 
dislocations. With the accumulation of dislocations, the 
strength increases and the ductility increases as well, 
because the softening of γ contributes much. When the 
stress along the grain boundary exceeds its bearability, 
the grain boundary will migrate [26]. Simultaneously, the 
dislocations begin to shear the γ′, and the stress will 
decrease gradually with the increase of temperature. 
More carbide particles, which are larger than the γ′ 
precipitates, are found in the fractograph, and the 
microcracks at grain boundary are almost observed at all 
test temperatures, which indicates the brittleness of the 
grain boundary. Particularly, the prevalence of dominant 
intergranular cracks could be attributed to the distributed 
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carbides along the grain boundaries. If the dislocations 
are mainly trapped in slip bands within γ′ channel, the 
deformation will be inhomogeneous. From fracture 
surface observations, it can be seen that the 
microstructures consist of ductile regions with lots of 
dimples and cleavage facet with many carbides and γ′, 
and the facet cleavage increases with decreasing the size 
of γ′ particles. The above-mentioned morphology 
characteristics are consistent with the decrease of 
elongation, with increasing solution treated temperature. 
The observation on the cross section finds that initial 
microvoids form along the interface of coarse precipitate 
and the matrix, as shown in Fig. 6(a). Further 
observation reveals that intergranular fracture with crack 
along the columnar matrix grain boundary, as shown in 
Fig. 6(b). Therefore, it can be deduced that if the 
microvoids develop further, the dimples will generate 
here. Moreover, the fracture microstructure is composed 
of facet of carbides and γ′. That is because the cracks 
propagate along the interface of MC carbide and γ′ easily. 
Since the microvoid prefers to nucleate at the γ/γ′ 
interface, the specimen with relative big γ′ possesses 
more dimple features. 
 
 
Fig. 6 Coarse precipitate particles dispersed in matrix which 
are initiation of microvoids at their interface with matrix (a); 
Fractograph showing intergranular fracture with cracks 
following columnar matrix grain boundary (b) 
 
According to the former research [14], cleavage 
prefers to start on the weak {100} planes at room 
temperature, which leads to the faceted-cleavage fracture 
commonly observed in fine and duplex microstructure. 
When the crack meets the γ′, it can still propagate along 
the {100} planes in γ′, since these are also the cleavage 
planes of the precipitates and there is usually similar 
preferred orientation in both the matrix and precipitate 
[15]. It can be noted also that the cleavage feature 
observed at 750 °C is quite different from the faceted 
{100} cleavage generally found at room temperature, 
compared Fig. 4(a) with Fig. 3(a). A different cleavage 
mechanism or set of cleavage planes may be associated 
with this fracture morphology. This cleavage feature may, 
however, relate to the ‘localized deformations in single 
slip bands’ contributing to {111} slip plane decohesion 
[19]. The brittle {100} faceted fracture is dominant at 
room temperature and {111} faceted cleavage at 750 °C 
where lower ductility prevails. The low toughness of the 
microstructures having fine precipitates might be 
associated with the easy occurrence of cleavage type 
fracture on the {100} planes at low temperature and on 
the {111} slip planes at higher temperatures [14]. 
 
4 Conclusions 
 
1) The K445 alloy exhibits anomalous yield 
strength at medium high temperature, which obtains the 
maximum fracture strength and almost the secondary 
high yield strength at 750 °C. With the increase of 
temperature, the ductility decreases firstly, reaches the 
minimum value at 400 °C, and then increases gradually, 
but exhibits a little drop at 900 °C. 
2) The fracture surface of K445 alloy below 400 °C 
exhibits most cleavage characteristic with some dimples. 
With the increase of temperature, the ductile feature 
increases, but the cleavage still dominates the fracture till 
650 °C. 
3) The secondary hardening effect results in the 
high yield strength and fracture strength with better 
ductility, which makes it appropriate to be used at 750 
°C. 
 
References 
 
[1] HOU J S, GUO J T, ZHOU L Z, et al. Microstructure and mechanical 
properties of cast Ni-base superalloy K44 [J]. Mater Sci Eng A, 2004, 
374: 327−334. 
[2] RO Y, KOIZUMI Y, HARADA H. High temperature tensile 
properties of a series of nickel-base superalloys on a γ/γ′ tie line [J]. 
Mater Sci Eng A, 1997, 223: 59−63. 
[3] SHENG L Y, XIE Y, XI T F, et al. Microstructure characteristics and 
compressive properties of NiAl-based multiphase alloy during heat 
treatments [J]. Mater Sci Eng A, 2011, 528: 8324−8331. 
[4]  GUO J T, CUI C Y, CHEN Y X, et al. Microstructure, interface and 
mechanical property of the DS NiAl/Cr(Mo, Hf) composite [J]. 
Intermetallics, 2001, 9: 287−297. 
[5] SAJJADI S A, NATEGH S, ISAC M, et al. Tensile deformation 
mechanisms at different temperatures in the Ni-base superalloy 
GTD-111 [J]. J Mater Pro Technol, 2004, 155−156: 1900−1904. 
Gong-xian YANG, et al/Progress in Natural Science: Materials International 21(2011) 418−425 425
[6] YUAN C, SUN X F, YIN F S, et al. Characteristics of high 
temperature rupture of a cast Ni-based superalloy M963 [J]. J Mater 
Sci Technol, 2001, 17: 425−428. 
[7] SAJJADI S A, NATEGH S, GUTHRIE R I L. Study of 
microstructure and mechanical properties of high performance 
Ni-base superalloy GTD-111 [J]. Mater Sci Eng A, 2002, 325: 
484−489. 
[8]  WANG H M, ZHANG J H, TANG Y J, et al. Rapidly solidified MC 
carbide morphologies of a laser-glazed single-crystal nickel-base 
superalloy [J]. Mater Sci Eng A, 2002, 156: 109−116. 
[9] TORSTER F, BAUMEISTER G, ALBRECHT J, et al. Influence of 
grain size and heat treatment on the microstructure and mechanical 
properties of the nickel-base superalloy U 720 LI [J]. Mater Sci Eng 
A, 1997, 234−236: 189−192. 
[10] CARON P, KHAN T. Improvement of creep strength in a nickel-base 
single-crystal superalloy by heat treatment [J]. Mater Sci Eng A, 
1983, 61: 173−184. 
[11] SHENG L Y, ZHANG W, GUO J T, et al. Microstructure and 
mechanical properties of Ni3Al fabricated by thermal explosion and 
hot extrusion [J]. Intermetallics, 2009, 17: 572−577. 
[12] GUO J T, SHENG L Y, XIE Y, et al. Microstructure and mechanical 
properties of Ni3Al and Ni3Al–1B alloys fabricated by SHS/HE [J]. 
Intermetallics, 2011, 19: 137−142. 
[13] STEVEN R A, FLEWITH P E J. Microstructural changes which 
occur during isochronal heat treatment of the nickel-base superalloy 
IN-738 [J]. J Mater Sci, 1978, 13: 367−376. 
[14] SIEB RGER D, KNAKE H, GLATZEL U. Temperature dependence 
of the elastic moduli of the nickel-base superalloy CMSX-4 and its 
isolated phases [J]. Mater Sci Eng A, 2001, 298: 26−33. 
[15] BALIKCI E, RAMAN A, MIRSHAMS R A. Influence of various 
heat treatments on the microstructure of polycrystalline IN738 LC [J]. 
Metallurgical and Materials Transactions A, 1997, 28: 1993−2003. 
[16] SHENG L Y, WANG L J, XI T F, et al. Microstructure, precipitates 
and compressive properties of various holmium doped NiAl/Cr(Mo, 
Hf) eutectic alloys [J]. Mater Design, 2011, 32: 4810−4817. 
[17] HE L Z, ZHENG Q, SUN X F, et al. Effect of heat treatment on 
microstructures and tensile properties of Ni-base superalloy M963 [J]. 
Mater Sci Eng A, 2005, 398: 128−136. 
[18] RAO G A, MAHENDRA K, SRINIVAS M, et al. Effect of standard 
heat treatment on the microstructure and mechanical properties of hot 
isostatically pressed superalloy Inconel 718 [J]. Mater Sci Eng A, 
2003, 355: 114−125. 
[19] BETTGE D, OSTERLE W, ZIEBS J. Temperature dependence of 
yield strength and elongation of the nickel-base superalloy IN 738 
LC and the corresponding microstructural evolution [J]. Z Metallkd, 
1995, 86: 190−197. 
[20] ZARETSKYA E B, KANELB G I, RAZORENOVC S V. Impact 
strength properties of nickel-based refractory superalloys at normal 
and elevated temperatures [J]. Int J Impact Eng, 2005, 31: 41−54. 
[21] SHENG L Y, ZHANG W, GUO J T, et al. Preliminary investigation 
on strong magnetic field treated NiAl-Cr (Mo)-Hf near eutectic alloy 
[J]. Intermetallics, 2010, 18: 740−744. 
[22] HE L Z, ZHENG Q, SUN X F, et al. Low ductility at intermediate 
temperature of Ni-base superalloy M963 [J]. Mat Sci Eng A, 2004, 
380: 340−348. 
[23] NEMBACH E, SCHÄNZER S, SCHRÖER W, et al. Hardening of 
nickel-base superalloys by high volume fractions of gamma'- 
precipitates [J]. Acta Metall, 1988, 36: 1471−1479. 
[24] SHENG L Y, ZHANG W, GUO J T, et al. Microstructure evolution 
and elevated temperature compressive properties of a rapidly 
solidified NiAl-Cr(Nb)/Dy alloy [J]. Mater Design, 2009, 30: 
2752−2755. 
[25] MOHLES V. The critical resolved shear stress of single crystals with 
long-range ordered precipitates calculated by dislocation dynamics 
simulations [J]. Mater Sci Eng A, 2004, 365: 144−150. 
[26] WOODFORD D A. Environmental damage of a cast nickel base 
superalloy [J]. Met Trans A, 1981, 12: 299−308. 
 
